ABSTRACT: Fracture healing can be enhanced by load bearing, but the specific components of the mechanical environment which can augment or accelerate the process remain unknown. The ability of low-magnitude, high-frequency mechanical signals, anabolic in bone tissue, are evaluated here for their ability to influence fracture healing. The potential for short duration (17 min), extremely low-magnitude (25 mm), high-frequency (30 Hz) interfragmentary displacements to enhance fracture healing was evaluated in a mid-diaphyseal, 3-mm osteotomy of the sheep tibia. In a pilot study of proof of concept and clinical relevance, healing in osteotomies stabilized with rigid external fixation (Control: n ¼ 4), were compared to the healing status of osteotomies with the same stiffness of fixation, but supplemented with daily mechanical loading (Experimental: n ¼ 4). These 25-mm displacements, induced by a ferroactive shape-memory alloy (''smart'' material) incorporated into the body of the external fixator, were less than 1% of the 3-mm fracture gap, and less than 6% of the 0.45-mm displacement measured at the site during ambulation (p < 0.001). At 10-weeks post-op, the callus in the Experimental group was 3.6-fold stiffer (p < 0.03), 2.5-fold stronger (p ¼ 0.05), and 29% larger (p < 0.01) than Controls. Bone mineral content was 52% greater in the Experimental group (p < 0.02), with a 2.6-fold increase in bone mineral content (BMC) in the region of the periosteum (p < 0.001). These data reinforce the critical role of mechanical factors in the enhancement of fracture healing, and emphasize that the signals need not be large to be influential and potentially clinically advantageous to the restoration of function. ß
Bone tissue has long been recognized as sensitive to mechanical loading, in a manner which can have either beneficial (anabolic) or destructive (catabolic) consequences. Extrapolating this adaptive capacity to the role of mechanical signals on bone healing, it should not be surprising that loading also has a critical influence on the repair of skeletal fractures, 1, 2 either in enhancing the response, 3, 4 or, in cases of too much loading, derailing the healing process. 5, 6 While these ''form follows function'' rules of the skeleton, originally formulated by observing the morphologic patterns of healing bones and outlined in ''Wolff's Law of Bone Remodeling, '' 7 only very few guidelines exist which help define the ideal mechanical environment of healing tissue towards the restoration of biomechanical function. 8 Bone healing is subject to mechanical signals, as regulated via stiffness of fixation, rigidity of cast immobilization, control of weight bearing, or even applied loading of the fracture site, can influence the quality, rate, and progression of repair. 9, 10 For example, too much loading can compromise the healing response, as evidenced by a delayed union as exacerbated by early weight bearing on a fracture protected only by flexible external fixation. 5 While decreased frame stiffness stimulates periosteal callus, excessive motion is permissive to chondrogenesis, particularly where high levels of intermittent shear occurs, 11, 12 and may lead to hypertrophic nonunion. Frames with low stiffness characteristics may also result in high pin/bone interface stresses that induce local resorption and associated pin loosening. 13 At the other extreme, external fixation with high frame stiffness can suppress the osteogenic response at the periosteum, and is permissive to a delayed or atrophic nonunion, 4, 6 while internal fracture fixation, via plates which are too stiff, can cause osteopenia below the device. 14 The paradox between harnessing mechanical signals as beneficial to bone healing and avoiding those which damage the process further incites a challenge to identify a mechanical environment which is both safe and enhances the repair process. A strategy to establish the relevant window between compliant and rigid fixation has been approached by using external fixation with high rigidity except in the axial direction, and thus permitting passive, controlled loading of the fracture gap, or the external application of directed, dynamic axial interfragmentary motion.
1 Indirect fracture repair can be enhanced by applying axial cyclical interfragmentary motions with specific characteristics for short daily periods, without potentiating risk to the fracture gap which might arise during functional loading but poor protection afforded by low rigidity of the fixator.
Furthermore, these strain signals represent a central component of bone's strain history, and while not large, are omnipresent in the skeleton's functional regime. 24 Considering the low amplitude of these signals, it was postulated that they could be introduced to the fracture gap at levels well below those which cause risk to the regenerate tissue, 25 yet may promote the healing response. The study reported here tested the hypothesis that specific low-amplitude, high-frequency interfragmentary displacements will accelerate the process of bone healing.
METHODS

Fracture Model
All procedures were reviewed and approved by the UK regulatory authorities. Skeletally mature, female English mule cross sheep, 5-6 years of age were used for this study. Under general halothane anesthesia and post-operative analgesia, mid-diaphyseal 3-mm osteotomies of the tibia were created in two groups of four sheep and stabilized by unilateral stiff external fixation (1,100 N/mm axial stiffness), with anatomically standardized osteotomy and frame geometry. A low-energy osteotomy was performed using a Gigli wire with the osteotomy gap set with a spacer to 3 mm. Osteotomy and fixator geometry were standardized with intraoperative jigs which reproduced pin position, osteotomy site, fixator to bone offset, and interfragmentary gap. To accommodate the linearly variable differential transducers (LVDTs) for measuring interfragmentary displacement, accessory half pins were inserted 908 to the fixator frame pins using the same intraoperative jig which positioned the fixator and osteotomy. Interfragmentary motion during periods of stimulation were made possible in a rigid fixation system through the use of a shape-memory alloy (see below).
The Control group of sheep was permitted to heal over a 10-week postoperative period, with the fixator locked to retain frame stiffness throughout. The fixator used in the Experimental group was similarly locked from motion, with the addition of short, daily periods (17 min) of low-magnitude, highfrequency cyclical interfragmentary motion, in which a current driving a shape-memory alloy induced small displacements in the rigid fixator. The stimulus was applied 5 days per week (Fig. 1) .
Dynamic Fixator
A high-response, high-force magnetostrictive shape-memory actuator (Terfenol-D, Etrema Products, Ames, IA), made from terbium, dysprosium, and iron, 26 was incorporated as part of the fixator body, such that longitudinal displacement, in the absence of any ''moving parts,'' would cause direct displacement of the osteotomy site. In contrast to piezoelectric crystals, such terbium-based shape-memory alloys can displace (extend/contract) very efficiently with low voltages, are strong, and are not brittle, thus allowing the fixator shaft to be comprised of the alloy without need for reinforcement. The response time of this material exceeds 5 KHz.
Thirty Hertz (cycles per second), low-amplitude (25 mm) sinusoidal interfragmentary motion was applied daily 5 days per week. Experimental animals were not anesthetized during the period of stimulation. For 17 min each day, both the Experimental and Control animals were confined to a small stall, and showed no signs of discomfort (e.g., movement, agitation) during this confinement and/or loading period. The same short period of 17 min was used as in prior mechanical stimulation of fracture repair studies performed on animals 9 and humans. 10 Displacements of 25 mm limited the imposed interfragmentary movement to approximately 0.8% of the overall 3-mm osteotomy gap and remained well below the ultimate strain of mature cortical bone of 2%. 27 Interfragmentary displacement was monitored each day using Linearly Variable Displacement Transducers (Sangamo Schlumberger UK gauging LVDTs, max displacement 10-mm resolution 2.5-mm, current equivalent Solartron Metrology, Bognor Regis, West Sussex, UK); mounted on the nonload-bearing accessory half pins implanted directly into the cortical bone. 15 While the actuator was displacement controlled, current to the actuators was regulated such that the force generated to induce the displacements never exceeded 50 N, less than 10% of the animals weight, thus minimizing the risk of damaging the healing callus (i.e., forces generated by weight bearing exceeded that imparted by the actuator). While the displacements of the active actuator were defined at time of surgery, they were not monitored over the course of the study.
Radiography
Radiographs of the developing callus were taken post-op and on a weekly basis, aided by an alignment jig coupled to the fixator pins to reproduce position and standardized exposure with an aluminium step wedge phantom. The maximum callus diameter was measured from the standard view radiographs using dial gauge callipers (AE0.01 mm) calibrated against a size phantom on each radiographic film, and blind assessments made of the quality of union. Each callus was scored as (a) no bridging, (b) some cortical bridging, (c) all cortices bridged, or (d) fully bridged cortices with loss of cortical (Table 1) .
DEXA Bone Mineral Content
Using dual-energy X-ray absorptiometry (DXA; Hologic QDR 1000W, Vertec Scientific, Reading UK), bone mineral content (BMC) of the callus was measured at baseline and each week in three regions of interest (ROI), with realignment facilitated by a repositioning jig focused using the fixator pins. ROIs included the entire callus, which was then subdivided into the intramembranous bone formation budding from the osteogenic layer of the periosteum and endochondral formation in the interfragmentary gap (Fig. 2) . The values of BMC at 1-week postoperatively were subtracted from each following scan to obtain the total new bone mineral in each ossification region.
Locomotor Analysis
Peak vertical ground reaction force (GRF) and simultaneous peak interfragmentary motion was measured weekly by walking the sheep across a force plate (Kistler Instruments, Hampshire, UK). Peak interfragmentary motion was measured with a three degree-of-freedom array of LVDTs (Sangamo Transducers, Sussex, UK) mounted on the nonload-bearing accessory pins. Functional fracture stiffness was calculated as the ratio of peak ground reaction force to peak interfragmentary motion. Interfragmentary axial motion at the center of the osteotomy gap was measured, using the assumption of inplane bending to exclude the effect of bending (AE2.5 mm 28 ). The average of five strides for each animal were considered at each time point for the analysis.
Postmortem Mechanical Characteristics
At 10-weeks post-op, the animals were sacrificed by a bolus intravenous injection of pentabarbitone. As an index of restoration of function, 17 healing tibiae from all animals were harvested and tested, for torsional rigidity in a computercontrolled servo hydraulic materials-testing machine with a custom torsion-testing frame, and compared to values from intact tibiae (Dartec, Stourbridge, UK). The least squares linear regression stiffness coefficient and ultimate breaking strength were determined after three low-load preconditioning cycles were applied to the specimen. Pretesting with other ovine fractures indicated a rotational deformation rate of 20 deg/min was optimal for obtaining the most consistent stiffness and low coefficients of variation (COV ¼ 0.031 15 ). All testing was complete within 3 h of euthanasia, saline-soaked swabs providing cover at all times, and the bones kept at ambient temperature.
Statistics
All data were pooled by group and analyzed for normality by Lilliefors significance correction for the Kolmogorov-Smirnov test. Normal data were tested for equality of variances between groups (Levene's test) and then the appropriate parametric test applied. Data not normally distributed or not homogeneous were compared using the Mann-Whitney nonparametric comparison of means. Tests were carried out using SPSS for Windows. 29 
RESULTS
Thirty-Hertz activation of the shape-memory alloy across the fracture site resulted in an initial 25-mm reduction in the space between the two bony ends of the 3-mm osteotomy site (<1% strain of the initial osteotomy gap). One-week post-op, interfragmentary displacement measured during ambulation was similar in both groups, with 0.44 mm in the Experimental group and 0.50 mm in the Controls ( Fig. 1 ; p ¼ 0.373), reflecting consistent fracture stabilization and associated mechanical environments. The 30 Hz, 25 mm of interfragmentary displacement induced during stimulation in the Experimental group was less than 6% of that incurred during walking (p < 0.001; average of all animals).
Ground Reaction Forces (GRF)
There were no significant GRF differences between Control and Experimental groups either preoperatively, at baseline, as absolute data or relative data (expressed as a percentage of weekly body weight), emphasizing that there were no functional load-bearing differences between the Control and Experimental groups at any time through the protocol (Student's t-test, p ¼ 0.3807).
Ambulation and Functional Stiffness
During normal ambulation, the mechanically stimulated fractures had a significantly lower interfragmentary displacement during the 4-6-week period (p < 0.05; Fig. 3 ). Stiffness measured during normal locomotion indicated a trend towards the mechanically stimulated osteotomies regaining stiffness more rapidly by week 5, and Experimental (closed diamond) groups at weeks 4, 5, and 6, with the Experimental groups displacing less with weight bearing, but these differences decline by the end of the 10-week protocol. At 10-weeks post-op, functional stiffness (right) measured in vivo during locomotion in the Experimental animals showed no statistically significant difference over Controls (p ¼ 0.13).
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Radiographic Assessment
The blinded radiographic scoring of the rigidly stabilized fractures in the Control animals displayed a range of healing responses graded from no evidence of bridging through to bridging, but not yet remodeling (Table 1) . Radiographic assessment in the Experimental group varied from united callus (bridged), through to fully bridged remodeling bony tissue, indicative of an advanced stage of repair (Fig. 4) . As measured from the radiographs, the callus diameter of the Control animals (19.9 mm AE 2.2) was 22.7% smaller than the callus of the Experimental animals (25.7 mm AE 2.6; p < 0.01).
Bone Mineral Content BMC in the fracture zone of the Experimental animals was 52% higher than Controls ( Fig. 5; p < 0.02) . Further, the proportion of bone in the periosteal regions versus the interfragmentary gap were also significantly different between groups, as the Experimental animals had 262% higher BMC in the periosteal intramembranous regions adjacent to the fracture gap, compared to the Control group (p < 0.01), whilst the endochondral bone forming within the interfragmentary region was 32% higher (p < 0.05).
Torsional Rigidity
Examining the biomechanical strength of the fracture site, the regenerate bone in the Experimental group had a 3.6-fold relative increase in torsional stiffness over Control animals ( Fig. 6 ; p < 0.03), and a 2.5-fold increase in fracture torsional strength (p < 0.02). When compared to the torsional stiffness [14.0 AE 1.9 Nm (Torque: Newton meters)/degree] and strength (69.4 AE 4.9 Nm) of intact tibia, regenerate bone in the Controls was 14% and 10% of intact values, respectively, while the healing fractures in the Experimentals were 64% and 36% of intact tibiae.
DISCUSSION
Fracture healing is a complex biological process which involves the spatial and temporal orchestration of numerous cell types, hundreds, if not thousands of genes, and the intricate organization of matrix, all working towards restoring the bone's mechanical strength and its rapid return to full function. 30 It has often been argued that nature has optimized this process, and thus it would be difficult to interventionally accelerate or augment fracture healing. Nevertheless, when considering the high number of fractures which do not adequately heal, 8 the great efforts to augment and ensure the ''correct'' healing process through biochemical 31 and biomechanical 32 intervention are certainly justified. Even so, some interventions, such as the use of external or internal fixation devices designed to stabilize the fracture, may also inadvertently compromise the progression of healing through strain protection as a consequence of load sharing between the bone and the device.
In the study reported here, inspired by the potential benefits of weight bearing on fracture healing but Figure 4 . Radiographic assessment at 10-weeks post-op of a Control (left) and Experimental (right) animal (contrast controlled using step wedge) showed marked differences between the groups in the size and maturity of the callus (see also Table 1 ). Also seen on the radiographs are the external fixation pins, and the accessory pins used for mounting the LVDT across the fracture gap. During the active stimulation of the fixator, 25 mm of displacement was induced across the fracture gap. While there is some endochondral bone formation evident in both radiographs at 10 weeks, the extent and maturity of the periosteal callus is much greater on the Experimental animal, contributing to the increased functional stiffness of the fracture gap. recognizing the risks of overloading the healing tissue, 5 extremely low-magnitude displacements, induced at a relatively high frequency, were used in an attempt to accelerate and augment the healing process. The results from this pilot feasibility trial indicate that these lowamplitude signals, shown to be anabolic to intact bone tissue, 33 can also promote bone repair using displacements applied directly that are well below those induced by functional weight bearing.
This low-magnitude, high-frequency mechanical intervention is based on the premise that there is a physiologic relevance of ''other-than-peak'' mechanical signals to bone tissue, and that such nonpeak mechanical events represent an important, endogenous regulatory signal in bone remodeling. 34 By examining bone strain data collected from a variety of animals through 12 h over a range of unrestrained activities, 24 including from simple standing (invariably our predominant activity), a broad frequency range of bone strain events is evident. Spectral analysis of these data show that, while there are only a very few (<10), low-frequency, high-magnitude strain events (representing ''peak strain magnitudes'' of strenuous activity, 24, 35 there is also a significant range of mechanical information which, while progressively smaller in amplitude, extends out to beyond 50 cycles per second. Over a period of 12 h, the accumulation of this barrage of mechanical signals which arise from the predominant activities accumulates to hundreds of thousands of extremely small strain events. Thus, in addition to the occasional peak strain events of 2,000 microstrain, very small ((5 microstrain), high-frequency strains persistently bombard the skeleton even during quiet standing. 36 Considering this power:law relationship in the context of the healing callus, the strain history of intact bone represents ''tens'' of events arising greater than 1,000 microstrain, hundreds of mechanical events occurring in the range between 50 and 500 microstrain, and tens of thousands of events in the range of 5 to 50 microstrain. Thus, to harness the anabolic potential of mechanical signals in augmenting and/or accelerating the healing process, it is possible to amplify the mechanical signal delivered by functional demands to the callus by increasing either the large signal component, 9 or as done here, by ramping up the smaller displacements realized in the higher-frequency domain. It is certainly possible that either the ''large, low-frequency'' or ''small, highfrequency'' strategies are equally effective in influencing the healing process, but inevitably, the risk of disrupting the process by exceeding the yield of the fragile regenerate is greater at the higher, rather than the lower, displacements.
In retrospect, it is possible that stabilizing the fracture by either internal or external fixation devices invariably dampen both the large, low-frequency, which arise during function, and the smaller, higher-frequency domain strain signals that originate in muscle contractibility, with the suppression of both contributing to the catabolic consequences of stress shielding. Conversely, reintroducing extremely small interfragmentary motions for 17 min per day, while small relative to the motions generated by walking, are certainly much larger relative to those that arise by muscle activity, and thus serve to augment the anabolic role of mechanical signals without putting the bone-or healing callus-at risk.
High-frequency force components in single motor neuron units increase with load generation up to as high as 40 or 50 Hz in the limb muscles during strong contractions. In nonlocomotory muscles, where fine control is more important than force generation, then these frequencies may extend to over 140 Hz. 37 The majority of motor neurones have a lower-frequency band limit of approximately 11 Hz, even when fatigued, and muscles will either increase force or maintain force output during fatigue by the recruitment of additional neurons. 38 To generate large contractile loads, both the firing frequencies and recruitment of motor neurons increase, which leads to concurrent rises in both mechanical force and the power spectrum of the output frequency. In fractures which are internally or exter- Figure 6 . Measured at the end of the 10-week protocol, fracture torsional stiffness of the Experimental animals was 3.6-fold higher than Controls (p < 0.03). These significant differences were reflected in fracture torsional strength, where the healing fractures in the Experimental animals were 2.5-fold stronger (p < 0.02). Relative to the torsional stiffness (14.0 AE 1.9 Nm/degree) and torsional strength (69.4 AE 4.9 Nm) of the pooled eight intact tibiae, the 10-week post-op time point showed that the Controls had reached 14% of normal stiffness and 10% of torsional strength, as contrasted to the Experimental animals, which achieved 64% of intact stiffness and 36% of intact strength.
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nally fixed, not only would the ''large scale'' locomotory stresses and strains on the tissues diminish, 39 but the fixation, itself, would dampen the high-frequency components as a potential regulatory signal to bone. The premise of this intervention is to use a dynamically active fixator to mechanically stimulate the healing tissues without putting the repair process at risk for a short period each day. These exogenously applied, low-amplitude, high-frequency signals applied over a period of only 17 min per day are meant to provide a safe surrogate for the mechanical signals that are typically present in normal loaded intact bone. Given that the displacements which arose during walking far exceeded those generated by the actuator, and the force delivered by the actuator remained a fraction of the weight of the standing animal, we believe that the level of imposed strains would not be detrimental to the tissue differentiation within the callus.
Characteristics of applied micromotion regimens which enhance fracture repair have a physiological basis similar to those which are potent for bone adaptation, emulating frequencies and normal functional loads, 15 but well exceed the strains experienced by the limb during functional activity. 40 This is particularly important, as bone repair comprises two distinct processes of ossification, periosteal intramembranous bone formation followed by interfragmentary endochondral bone formation. 41 Considering that each subsequent tissue is stiffer, 42 the ultimate strain which can be withstood also decreases from very high strains in hematoma and granulation tissue (100%), decreasing to mature bone which can be damaged by as little as 2% strain. 43, 44 Hence, as the more advanced tissues form, the integrity of the matrix is much more vulnerable if loads result in motion, displacement, or strain that exceeds the ultimate strain of that particular connective tissue. 2, 45 In this study, the applied load-limited stimulus and resulting displacements, each below those induced by weight bearing, precluded any likelihood that the exogenous mechanical signal would generate damage to the intact or regenerating bone. Additionally, the progression of bridging of callus was seen in both groups as a function of time, further suggesting that physiologic, rather than pathologic processes were involved. A greater callus diameter was evident in the Experimentally stimulated group, resulting in a greater moment of area and associated increased bending strength compared to the nonstimulated Control group.
Although not studied here, once mechanical integrity has been restored, the phase of remodeling that follows can be expected to reduce the callus size and ultimately restore the normal anatomical structure of the bone. We have interpreted the improved torsional stiffness and strength of the Experimental over Control bones to signify a clinical advantage, such that a return to full function and earlier frame removal times would be warranted. This conclusion is supported somewhat by comparing each group to the strength and stiffness values of the intact bone, with the mechanically stimulated tibiae being significantly closer to reaching these values at 10 weeks than the Controls.
Bone is a tissue that is extremely sensitive to physical signals, 7 but the cellular signals which control the mechanotransduction process are not well known. 46 Not only are physiologically based physical signals central to the proliferation of osteoblasts, 47 they serve to inhibit osteoclastogenesis, 48 and thus represent a key regulatory factor in regulating bone remodeling. It is now evident that physical signals are essential even for the viability of bone cells, as bone tissue devoid of stimulation may foster the apoptosis of osteocytes. 49 Of course, the role of mechanical signals extends well beyond bone cells, with clear influences on many cells and tissue types integral to the bone healing process. 50 Indeed, lowmagnitude mechanical signals have even been shown to bias the differentiation of mesenchymal stem cells, critical determinants of bone regeneration, towards osteoblastogenesis and away from adipogenesis, 51 inevitably contributing to the augmentation of the healing response.
As we look towards new modalities to treat musculoskeletal injury and disease, bone's responsivity to mechanical, electrical, and ultrasound signals represent a potent means to influence clinical outcomes. In contrast to biochemical interventions, the attributes of biomechanical-based strategy is that it is native to the bone tissue, safe at low intensities, 27 incorporates all aspects of the remodeling cycle, 48 will ultimately induce lamellar bone, 52 and, depending on the nature of the signal (e.g., load vs. strain), the relative amplitude of the displacement signal will subside as formation persists (selfregulating and self-targeting 53 ). However, the widespread use of mechanical-or other physical-stimuli in the treatment of skeletal disorders will undoubtedly be delayed until we achieve a better understanding of the physical and biological mechanisms by which they act. 30, 54 The results in this feasibility study suggest that very low levels of displacement, induced through exogenously applied loads, can be used to achieve an enhanced rate and quality of repair. The low levels of displacement in this regimen could be achieved with little risk of mechanical failure of the fixation device and may be applicable to a range of fixation devices.
